Ionized Helium Induced Ionization of Atomic Hydrogen by Bhattacharya, S et al.
5 7 3 - 5 7 6  ( 2 0 0 2 )
U P  B
an international journal
I o n i z e d  h e l i u m  i n d u c e d  i o n i z a t i o n  o f  a t o m i c  h y d r o g e n
S B h a tta c h a ry a ^  S Sahoo*, R  D a s ^ n d  K R oy
Department o f Theoretical Physics, Indian Association lot the Cultivatio<| o f Science, Jadavpur, Kolkala-700 032, India 
'Department of Physics, Surendra Nath College, |Colkaia-70() 009, India 
E-mail ’ tpkr(tf/)mahendra.iacs rrs in
Abstract : Total and differential ionization cross sections of atomic hydrogen by impact of ionized helium in the energy range 
kiwcen 28 to 114 keV have been reported. Wc have applied a perturbative approach which accounts for the distortion due to the Coulomb 
ltJd5 of the projectile as well as o f the residual target on equal footing fhe present results, on comparing with the other existing 
ihcoictical predictions and measured data, are found to be encouraging
Kf>>u)rds Atomic hydrogen, ionization by "impact of slrueturcd projectile (HcD, calculations for collision energies 28 to 114 keV. 
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introducHon
lof.i/ation o f  a to m ic  h y d ro g e n  b y  c h a rg e d  particlCsS, p r im a rily  
> proton and io n iz e d  h e liu m  h a s  b een  a  su b jec t o f  co n tin u in g  
inusiigalions fo r  s e v e ra l  d e c a d e s . M u c h  th e o re tic a l  an d  
i^penmontal e ffo rts  h a v e  b e e n  p u t fo r th  an d  m a rk e d  p ro g re ss  
lave been m ad e  in u n d e rs ta n d in g  io n -a to m /io n  co llis io n s , 
onizaiion o c c u rr in g  a s  a  re s u lt o f  s tru c tu re d  p ro je c tile  im pac t 
^considerably m ore  com plex  than  th e  im pact o f  bare  projectiles.
is due to  th e  p r e s e n c e  o f  b o u n d  e le c t ro n ( s )  in  th e  
>fojectile. T h e s e  e le c t r o n s  a f f e c t  la r g e ly  th e  p ro c e s s  o f  
nization in m a n y  d if fe re n t w a y s , su ch  as, th e y  m a y  sc reen  
' incoming n u c le a r  c h a rg e  an d  m a y  b e  e x c ite d  to  d isc re te  
^continuum s ta te .  F ro m  th e o r e t ic a l  p o in t  o f  v ie w  th is  
N piicatcs th e  p ro b le m  a n d  th e re fo re  c a lc u la tio n s  m u s t b e  
‘i^formed th a t in c lu d e  e a c h  o f  th e  re a c tio n  p a th w a y s  f l ] ,  
target io n iz a tio n  re s u lt in g  fro m  c o ll is io n s  w h e re  th e  
P^ j^cctile is s im u lta n e o u s ly  e x c ite d , ta rg e t io n iza tio n  w ith  th e  
th a t th e  p ro je c ti le  re m a in s  in th e  g ro u n d  s ta tes , 
io n iza tio n  w ith  th e  ta rg e t re m a in s  in  g ro u n d  s ta te  
projectile io n iza tio n  w ith  s im u ltan eo u s  ion iza tion  o f  ta rget. 
Jtically it is a  d if f ic u lt ta sk  to  p e rfo rm  ca lcu la tio n s  w h ich  
for all th e s e  re a c t io n  c h a n n e ls .
of Material Science, University o f Tsukuba, Ibaraki-305 8573,
T h e  th e o r e t i c a l  d e s c r ip t io n  o f  c o l l i s io n  p r o b le m s  
in v o lv in g  io n -a to m /io n  c o llis io n s  is o f  g re a t in te re s t b e c a u se  
it p ro v id e s  a  b en ch m a rk  fo r u n d e rs ta n d in g  th e  p ro c e sse s  in 
d e ta il. M o reo v er, it in v o lv es  m an y  in te rac tio n  p h e n o m e n a  
w h ich  n eed  to  be s tu d ied  in d eep  de ta ils . In th is  d ire c tio n  
th e  w o rk s  o f  Y Y H su  et a l  [2] is m u ch  e n th u s ia s tic . It is 
bo th  th eo re tic a l as w e ll as e x p e rim en ta l w o rk  on  He" H 
sy s tem  in th e  e n e rg y  ran g e  2 8 -1 1 4  k eV , th e  re su lts  h av e  
been  c o m p a re d  w ith  th e  e x is tin g  th e o re tic a l re su lts  [2 ]. 
H o w ev er, a c lo se  look at th e  c o m p a riso n  d a ta  sh o w s a w id e  
d iffe ren ce  betw een  th e  exp erim en ta l and  th e  th eo re tica l w orks, 
cx p ec ia lly  a t th e  low  e n e rg y  reg io n . S u ch  d if fe re n c e  e v o lv e d  
m u ch  in te re s t in th e  p re se n t w o rk  w h e re  w e  h av e  s tu d ied  
th e  sam e  sy s tem , i . e , He* -H , in a  so m ew h a t d if fe re n t m an n er.
A g en e ra l th ree  b o d y  p ro b lem  in io n -a to m  co llis io n  has 
b een  e x te n s iv e ly  tre a te d  b y  v a rio u s  au th o rs  o f  R e fs . [ 3 -6 ] .  
B u t th e  p ro p o se d  sy s tem  is a  fo u r b o d y  o n e  an d  in v o lv e s  
m a n y  co m p le x itie s  d u e  to  th e  p re se n c e  o f  b o u n d  c le c tro n (s ) . 
H o w e v e r in R efs. [7 -9 ]  h av e  tak en  u p  th e  m a tte r  q u ite  
e ff ic ie n tly  an d  h a v e  fo u n d  re su lts  fo r  fa s t p ro je c tile s . A  
p e r tu rb a t iv e  a p p ro a c h  to  th e  p ro b le m  h a s  a lr e a d y  b een  
s u g g e s te d  b y  In o k u ti [ 1 0 ] w h ic h  in v o lv e s  h ig h  im p a c t
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v e lo c itie s  o r  sm a ll p ro je c tile  ch arg es . B u i fo r fast co llis io n s  
w h en  th e  p ro je c tile  ch a rg e s  a re  o f  th e  o rd e r o f  the  ta rg e t 
n u c le a r  c h a rg e  o r  ev en  g re a te r  a m o re  co m p reh en s iv e  th eo ry  
is re q u ired  R e in h o ld  e t a l [ \ \ ]  m o d ified  th e c is s ic a l tra jec to ry  
M o n te  C a r lo  (C T M C ) m e th o d  to  c o p e  w ith  th e  a b o v e  
re q u ire m e n ts  an d  ap p lied  it fo r p>H /H e system . T h e ir  resu lts  
a re  q u ite  in a g re e m e n t w ith  ex p erim en ta l data .
In th is  w o rk  w e  h av e  a ttem p ted  to  s tudy  the  io n iza tion  
p ro c e s s  o f  He^ +  H sy s tem , w h e re  w c ca lc u la te  th e  to ta l and  
d if fe re n t ia l  io n iz a tio n  c ro s s  se c tio n s . In S e c tio n  2, w e  
d e sc r ib e  th e  th e o ry  in b r ie f  and  in S ec tion  3 w e p resen t the  
re su lts  a n d  d isc u ss io n s .
2 . T h e o ry
T h e  c o llis io n  sy s tem  in th e  p re sen t s tudy  is a co m p lex  one  
s in ce  th e  p ro je c tile  co n ta in s  an e lec tro n  w h ich  n eed s to  be 
tre a te d  p ro p e rly .
(Coordinates for Hc*-H collision system)
W e so lv e  th e  o n e -e le c tro n  S ch rb d in g e r  eq u a tio n  fo r the  
sy s tem  w ith  e le c tro n ic  H am ilto n ian
W , = - i v ? + F ; . ( r 2 ) +  K ,.( r ,)  +  - L
Z T|2 ( 1)
(a to m ic  u n its  a re  u sed  th ro u g h o u t) ,
w h e re  r i ( r 2)  is th e  d is ta n c e  o f  th e  e le c tro n s  c o rre sp o n d in g  
to  th e  n u c le i o f  p ro je c tile  ( ta rg e t)  an d  r \2 is th e  d is tan ce  
b e tw e e n  th e  tw o  e le c tro n s . W e  a d o p t h e re  th e  im p a c t 
p a ram e te r fo rm alism , w h e re  th e  in te r-nuc lear m o tion  is trea ted  
c la s s ic a lly  as R  ~ p  + vi  in w h ic h p  is th e  im p ac t p a ram ete r , 
V is th e  re la tiv e  v e lo c ity  o f  th e  p ro jec tile  w ith  th e  ta rge t, and  
th e  m id p o in t o f  th e  line  jo in in g  th e  tw o  nuc le i is ch o sen  as 
th e  o rig in . T im e  is m e a su re d  fro m  th e  in s tan t w hen  th e  tw o  
n u c le i a re  th e  c lo se s t to  each  o ther.
T h e  d e v e lo p m e n t in tim e  t o f  th e  tran s itio n  am p litu d e  fo r 
ion iza tio n  w ith  th e  e je c tio n  o f  an  e lec tro n  from  th e  ta rg e t 
w ith  m o m e n tu m  k  can  b e  w ritten  as
dr . (2 )
w ith  th e  in itia l c o n d itio n  th a t a t r = -oo, c* = o. The ionizauo 
p ro b ab ility  is | c*(/ =  ^■oo) p .
W e c o n s id e r  th e  co n tin u u m  s ta te  w av e  function  in which 
th e  C o u lo m b  fie ld s  d u e  to  th e  p ro je c tile  and  the residual 
ta rg e t a re  tak en  on eq u a l fo o tin g . It m a y  b e  pointed out that 
th is  co n d itio n  is a  g o o d  ^ p ro x im a t io n  fo r  interm ediate energji 
co llision .
F o r th e  final c o n tin u u m  sta te  w av e  function  we write ■
w here  a , and  a / - - — :
k j
a n d  A', =  c ' V (1  + /•« / ,) ,  N j  i , a , ,
F in a lly  w e can  w rite  th e  e lec tro n  b o u n d  continuum  suie] 
w av e  fu n c tio n  as
' f ' j  = ^ / ( n ) x r * ,  • '•ail
T h e  in itia l sta te  w av e  fu n c tio n  u sed  in th e  p resen t approach 
is as fo llo w s :
w here  is th e  e le c tro n ic  w av e  fu n c tio n  o f  the projectile* 
(H e^) in its g ro u n d  s ta te  and  ^,■('‘2) Is th e  electronic wave 
fu nc tion  o f  th e  ta rg e t (H ) in its g ro u n d  state.
9-V2 (  , ,
W h ere  =
yjTT
' 2 "
T h e  a b o v e  f in a l- s ta te  w a v e  fu n c t io n  asymptoticallvj 
sa tis f ie s  th e  S ch rC d inger eq u a tio n .
+ J — = 0 . (41|
2  n  ry'y ^
T h e  d o u b ly  d iffe ren tia l c ro ss  sec tio n s  m a y  be written as j 
d ^ a
= k ^ d ^ p \ C k i p ) f
d E f t t n ,
an d  th e  to ta l io n iza tio n  c ro ss  se c tio n s  (cr,o,ai) are  calculai 
b y  u sin g  th e  fo llo w in g  in teg ra l,
d '^ a
'  total - s \ n 9 g d 6 f d E g
(S y m b o ls  h av e  th e ir  u su a l m ean in g s).
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a n d  d is c u s s io n s
). d isp lay s  th e  to ta l io n iza tio n  c ro ss  sec tio n s  fo r 
;/at)on o f  h y d ro g e n  a to m  b y  im p a c t o f  io n ized  he lium ,
. have also d is p la y e d  in th e  sa m e  f ig u re  th e  c ro ss  sec tio n  
o f o th e r  th e o r e t ic a l  c a lc u la t io n s  a s  w e ll a s  th e  
„ured data o f  R ef. [2J fo r  c o m p a riso n . It m ay  be seen  
i„ the figure th a t  th e  p re se n t re su lts  a re  fo u n d  to  be in 
saiiably g o o d  a g re e m e n t w ith  th e  ex p e rim e n ta l d a ta  of 
I j?l as w ell a s  w ith  th e  c a lc u la te d  v a lu e s  o f  co n tin u u m  
Oiled w ave-e ikona l in itia l s ta te  (C D W -E IS ) app rox im ation  
ahnve 65 k eV  im p a c t e n e rg y . B e lo w  th is  en e rg y  th e  
sent resu lt a l th o u g h  fo u n d  to  b e  s l ig h t ly  h ig h e r  in 
iriiitudc than  th e  C D W -E IS  v a lu e s , m a in ta in s  th e  trend , 
never, th e re  is a  m a rk e d  d is a g re e m e n t b e tw e e n  th e  
orimental d a ta  a n d  th e  re su lts  c a lc u la te d  b y  th e  p re sen t 
ir\ as w ell a s  o th e r  e x is tin g  th e o re tic a l v a lu es .
th e  ra tio  is q u ite  h ig h . T h u s it is im m ed ia te ly  ap p a re n t th a t 
a t low  e n e rg y  th e  p ro b a b ility  fo r c o llis io n  w ith  a to m ic
«M. lutal iontzation cross section ot atomic hydrogen by impact 
ni/cd helium Present results : (—o—), CTMC results (Ref [2]) ; 
I. ( n\V-l'lS results (Ref [2J) * ( —A— ), Born results (Ref |2J)
) experimental data (Ref (2| : (♦ ♦ ♦ ♦ ♦ ).
i he resu lts c a lc u la te d  by  u s in g  B o m  ap p ro x im a tio n  arc  
id to be o f  m u ch  h ig h e r  in m a g n itu d e  than  th e  ca lcu la ted  
its as w ell as th e  e x p e rim e n ta l d a ta . T h e  p resen t re su lts  
f>und to be  o f  h ig h e r  in m a g n itu d e  in co m p a riso n  w ith  
1C values th ro u g h o u t th e  e n e rg y  ra n g e  co n s id e red , 
t may be seen  fro m  th e  fig u re  th a t n o n e  o f  the  th eo re tica l 
ts p resen ted  in  th e  f ig u re  in te rp re t w e ll th e  ex p e rim en ta l 
the low  e n e rg y  re g io n . T h is  c le a rly  s ig n ifie s  th e  
ision o f  c o n tr ib u tio n s  from  d if fe re n t re a c tio n  ch an n e ls  
h are im p o rtan t e sp e c ia lly  in  th e  low  e n e rg y  co llis io n .
'lb in teresting  fe a tu re  to  be  n o te d  in F ig u re  2 is th e  
re o f  v a ria tio n  o f  th e  ra tio  o f  to ta l io n iza tio n  c ro ss  
on o f  h y d ro g en  a to m  b y  im p ac t o f  He^^ to  th a t fo r He^ 
in the in c id en t e n e rg y  ra n g e  28  to  114 k eV . It is ev id en t 
1 the figure th a t th e re  is a  te n d e n c y  o f  th e  cu rv e  to  reach  
*' ns the en e rg y  in c rea se s . H o w e v e r, a t low  e n e rg y  reg io n
Figure 2. Ratio of total ionization cross sections of atomic hydrogen 
by alpha particle and ionized helium impact as a function of collision 
energy. Present result . (—•—).
h y d ro g en  by  th e  im p ac t o f  b are  p ro jec tile  is fa r  m o re  g rea te r 
than  tha t fo r s tru c tu red  p ro jec tile ; w h ile  a t h igh  e n e rg y  the  
p ro b ab ility  fo r the  tw o  arc  a lm o st sam e. T h is  is ind ica tiv e  
tha t th o u g h  at h ig h  e n e rg y  reg ion  the  s tru c tu red  and  b a re  
p ro jec tile s  m ay  be  trea ted  on equa l foo ting , b u t th e  s itu a tio n  
is d iffe ren t at low  en e rg y  reg ion . S ince  d u rin g  s low  co llis io n  
m an y  ine lastic  ch an n e ls  s tro n g ly  co u p le  w ith  o n e  a n o th e r  
op en  up, ex ch an g in g  llux  and  ph ase  in a  q u ite  co m p lex  
m an n er . T h u s w ith o u t s im u ltan eo u s in c lu s io n  o f  im portan t 
ch an n e ls , an accu ra te  d e te rm in a tio n  o f  c ro ss  sec tio n s  is no t 
p o ss ib le  d u rin g  slow  co llis ions.
F igu re  3 p resen ts  th e  d o u b ly  d iffe ren tia l c ro ss  sec tio n s 
(D D C S ) as a func tion  o f  e lec tro n  e jec tio n  en e rg y  b y  114 keV  
He" im pac t on  a to m ic  h y d ro g en  fo r a  f ixed  e jec tio n  an g le  o f
Figure 3. Doubly differential ionization cros.s sections o f atomic 
hydrogen by impact of 114 keV ionized helium as a function of 
electron energy at ejection angle 15®. Present results : (— ). Born 
(Ref. [2]) : ( - • - ) .  CDW-EIS (Ref (2]) : (-<► -), and CTMC (Ref. 
121) : ( - • - ) .
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15°. The present results on comparison with the values 
calculated by the first Bom approximation are found to be 
slightly smaller in magnitude at intermediate electron energies 
but coincide at higher energies. In comparison with the 
results of CDW-EIS, the present values are found to achieve 
reasonable good agreement up to a certain energy range but 
overestimate at higher energies. The present results also 
show both quantitative and qualitative agreement with the 
CTMC results. It may be seen from the figure that the 
present results show a structure in cross section around 
25 eV ejection energy which is also present in the CTMC 
results. However, both the CDW-EIS and the Bora values 
do not show any structure in the spectra.
4. Conclusion
The present calculated results for differential ionization cross 
sections are found to be of reasonably accord with other 
theoretical values. However, in case of total ionization cross 
sections, it may be found from Figure 1 that none of the 
theoretical methods are able to interpret the experimental 
data especially in the low incident energy. This phenomena 
c le a r ly  invites the sophisticated theoretical models which 
should include the calculations for each of the several
reaction pathways mentioned earlier in addition to the cap'u 
channel. This channel becomes particularly important m 
low to intermediate energy region. In the present case tli 
collision of He*-H is an accidental resonating system wh 
both the reactants are in ground state.
R e fe re n ce s
[1] R D DuBois and S T Manson Phys. Rev. A42 1222
12] Y-Y Hsu, M W Gealy, G W Kcrby 111, M E Rudd, D R Sth„ 
and C 0  Reinhold Phys Rev. A53 303 (!996)
|3 ) L D Fadeev Zft. Pksp. Tear. Fiz. 39 1459 (I960); So\ a, 
JETP 12 1014 (1961)
[4] L R Dodd and K R Greider Phys. Rev. 146 675 (1966)
[5] Dz Bclkic J  Phys. B ll 3529 (1978)
[6 ] R E Olson and A Salop Phys Rev. A16 531 (1977)
[7] T J M Boyd, B L Moiseiwitsch and A L Stewan P m  Ph 
Soc London Seel. A70 110 (1957)
[8 ] D R  Bates and G Griffing Proc Phys Soc. London Sen \ 
961 (1953)
[9] S T Manson and L H Toburen Phys Rev Leu 46 529 iNn 
flO] M Inokuti Rev M od Phys 43 297 (1971)
[11] C O  Rcinhold and J Burgdorfer J  Phys B26 3101 (IM-6
